Abstract. Vold-Kalman filter order tracking has been extensively studied and used in analyzing non-stationary rotating machine vibrations. Its high-performance tracking ability of harmonic responses has been widely recognized. However, the accuracy of its tracking result is heavily dependent on the choice of Vold-Kalman filter bandwidth. And the selection of the filter bandwidth is largely dependent on analyst experience and prior knowledge toward the analyzed signal. Therefore, the selection of VoldKalman filter bandwidths could be very random and as a result a consistent monitoring process is very difficult to be ensured. In order to solve this randomness, in this paper, an order spectrum based method for the selection of Vold-Kalman filter bandwidth is discussed. An optimal filter bandwidth could be chosen, as a result, a comparatively consistent tracking capability through Vold-Kalman filter order tracking could be realized.
Introduction
Vold-Kalman filter order tracking (VKF-OT) was first proposed by Vold and Leuridan in 1993 [1] . The method is recognized to be an effective tool for tracking vibration responses from rotating machines. Its advantages over the traditional order tracking method, such as Computed Order Tracking (COT), are that the time waveform of order related vibration can be obtained with much shorter transients while without phase bias [2] . During the past twenty years, many researchers [3, 4, 5] have utilized VKF-OT. Companies, such as Brüel & Kjaer [6] , MTS Testing Solutions [7] as well as MathWorks (Matlab) [8] have introduced this technique into their software packages as a tool for non-stationary signal analysis.
However, in the process of applying VKF-OT, one still faces the problem of selecting a proper filter bandwidth. The choice of different filter bandwidth determines the accuracy of Vold-Kalman filtering results and therefore it may influence the consistency of monitoring process through Vold-Kalman filter order tracking. In this regard, Herlufen [3] discussed the time and frequency relationship of Vold-Kalman filter and proposed a resonance based approach for selection of the filter bandwidth. However, the method is heavily dependent on the experience of the analyst and his/her prior knowledge of the data. Besides, the method is focused on the accuracy of tracking order of interest. It did not discuss the choice of VoldKalman filter bandwidth in terms of a consistent condition monitoring process, therefore, there are still some factors, such as tracking consistency, in monitoring process should be seriously considered. In a word, simple and practical rules for selection of the filter bandwidth are still in great need.
Thus, in this paper, an order spectrum based method for selection of the Vold-Kalman filter bandwidth is discussed to ensure a consistent tracking process through Vold-Kalman filter order tracking so that it could be largely overcome the randomness of Vold-Kalman filtering results in condition monitoring.
1 The proposed order spectrum based Vold-Kalman filter bandwidth selection approach
In order tracking analysis, order(s) can be represented in the form of order spectrum (e.g. through Computed Order Tracking (COT)) or in the form of order based time waveform(s) (e.g.: through Vold-Kalman filter order tracking). Essentially, these are the representations in two domains of the same signal. Therefore, the order spectrum in the order domain could be used as the reliable reference for selection of the Vold-Kalman filter bandwidth. In order to use the order spectrum as a reference, we need to compare the order spectrum result and the VKF-OT result in the same domain, either in the time or in the order domain.
For instance, for an arbitrary Vold-Kalman filter bandwidth, we can first obtain a target order time waveform. Subsequently, the Computed Order Tracking (COT) is applied to this time waveform. The resultant Vold-Kalamn filter result could then be transformed from the time domain to the order domain. This way we have obtained a Vold-Kalman filter result in order spectrum. For details on computed order tracking analysis, readers may refer to [15] . Then, COT is further applied to the original data to obtain a full range of order spectra. It should be noted that, within this full range of order spectra, the target order also exists. Thus, the previous Vold-Kalman filter result in order spectrum can then be compared with target order in the full range of order spectra obtained. Note that in this comparison process, the target order in the full range of order spectra is used as a reference and could be separated by an order domain unit rectangular shape window with a preset Confidence Tolerance (CT), i.e., CT i th 
, where CT is the order tolerance of the th i target order. Ideally, CT could be set at zero. In practice, however, a small tolerance could be set, for instance, CT=0.1. In this way, a preset controllable accuracy of order components could be ensured. This is a very simple and practical way to ensure a desirable order contents for condition monitoring propose within different measured signals. A controllable order content monitoring process could then be realized. Now both the target order spectrum from the Vold-Kalman filtering and the COT full range order spectra are in the order domain. A subtraction calculation could be made between the two order spectra and a Standard Deviation (SD) value of the residual difference signal could be calculated which will be used as an indicator for the differences between the two results.
By doing so, many filter bandwidth values could be evaluated. A set of different SD values could be calculated. The minimal SD value as well as its corresponding filter bandwidth could be determined. The filter bandwidth corresponding to the minimal SD is the optimal choice of filter bandwidth with a controllable accuracy (a preset CT value). The logic of this process is depicted as in Figure 1 . 
Simulation demonstration
In order to demonstrate the selection process of Vold-Kalman filter bandwidth, a simple rotor model in [5] is used here. The rotor model is shown in Figure 2 . The model parameters are listed in Table 1 . The rotor vibration response and rotational speed are plotted in 
Application of the proposed selection process
To demonstrate the proposed selection process, the steps in Figure 1 will be followed.
Step 1.
COT is first applied to the rotor vibration response with the corresponding rotational speed. It renders an order spectrum of the rotor vibration response. This is shown in Figure 4(a) . Since that the external excitation is set at the 4 th and the 10 th orders as shown in Table 1 , Figure 4 (a) clearly depicts this two order contents.
Step 2. A unit order spectrum window is constructed with rectangular shape and a preset Confidence Tolerance (CT=0.1) to the target 4 th order, it is shown in Figure 4 (b). In this step, the CT is chosen by the user to ensure a desirable accuracy of Vold-Kalman filtering result. The bigger the value of CT is, the more order components besides the target order will be included.
Step 3. Multiply order spectrum obtained in step 1 by the unit order spectrum from step 2. This gives the 1 . 0 4  th order spectrum and will be used for comparison to Vold-Kalman filtering results later. This order spectrum is called the target order spectrum A and is showed in Figure 4 (c). th order are included. In this way, the analyst can preset a desirable order spectrum reference for his/her specific purposes. As a result, one can realize a desirable order content for condition monitoring proposes.
Step 4. Any arbitrary relative filter bandwidth could be used as an initial filter bandwidth for VoldKalman filtering. Usually we can start with a very small relative filter bandwidth. Incrementally additional filter bandwidth values can be tried. Users may easily program a loop script to generate several filter bandwidths. In this regard, computer could help a lot. For demonstration purposes, the 10% relative filter bandwidth to Vold-Kalman filter result is plotted in Figure 5 (a).
Notes: The Vold-Kalman filter bandwidth can be set as a fixed value bandwidth or relative filter bandwidth. Matlab [8] provides these two choices for filter bandwidth selections. It is commonly recognized that the relative filter bandwidths are preferred to fixed value filter bandwidths, since a relative filter bandwidth is relative to the instantaneous frequency of the rotational speed. Therefore, the filter bandwidth changes with the variation of the rotational speed. In this study, relative filter bandwidths are used.
Step 5. COT is used to obtain the order spectrum of the Vold-Kalman filtering result obtained from step 4 and the resulting target order spectrum B is shown in Figure 5 (b).
Step 6. Subtracting target spectrum A shown in Figure 4 (c) from target spectrum B shown in Figure  5 (b) renders the residual data for this 10% filter bandwidth case. The standard deviation (SD) of the residual data is calculated to be 4.4807 and stored for later reference.
Step 7. Repeating Step 4 to Step 6, other filter bandwidth values can be selected for analysis. In this simulation study, a 0.2% increment of relative filter bandwidth is applied to this repeating process which results in 501 SD values (from 0% to 100% relative filter bandwidths). For illustration, the results for 15 different relative filter bandwidth values are listed in Table 2 . Note that other increment of relative filter bandwidth, such as 0.01%, 0.005%, are all possible for this process. It merely depends on the requirement of accuracy. Analyst could select different incremental for their specific use.
Step 8. The 501 Vold-Kalman filter bandwidths with the resulting SD values are obtained. The optimal filter bandwidth, therefore, is the one with the smallest SD value. This optimal filter bandwidth will ensure the smallest error with the preset target order confidence tolerance (CT=0.1). In other words, the preset desirable order content could be tracked best through this specific Vold-Kalman filter. According to Table 2 , with the increase of filter bandwidth, the SD value goes down first and up later with a minimal value. This minimal SD value provides the final optimal filter bandwidth for this simulation study: the 4.6% relative filter bandwidth is found to be the optimal value and is highlighted with a box in Table 2 .
Clearly, the above process enables the selection of the optimal Vold-Kalman filter bandwidth for certain order content of interest. It should notice that the above process makes a consistent tracking process realibale. With different signals during monitoring process, a controllable and optimal order contents through Vold-Kalman filter order tracking could be realized. Analyst may confidently choose a desirable order content for condition monitoring and tracking the changes of data. In short, through the proposed selection process for VoldKalman filter bandwidth, a quantified and optimized Vold-Kalman filtering process is realized. 
Conclusions
This paper proposed a method for selection of Vold-Kalman filter bandwidth to ensure a desirable order content. The proposed process could resolve the randomness in condition monitoring process. The advantages of the proposed order spectrum based Vold-Kalman filter bandwidth selection process include:
(1) A reliable and quantified selection process for Vold-Kalman filter bandwidth is proposed. (2) A controllable Vold-Kalman filtering result in terms of order content could be obtained through the preset order confidence tolerance (CT). (3) A consistent tracking ability for a desirable order content through Vold-Kalman filter order tracking is realized.
For future work, more advanced signal processing techniques and statistical analysis of the Vold-Kalman filtering results will be explored and further enhancement of Vold-Kalman filtering results for fault diagnostics of rotating machine is needed.
